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Vascular complications of diabetes also involve elevated tissue levels of angiotensin II (ANG II) (23) . Conventional therapies to treat vascular complications in diabetes include the use of angiotensin-converting enzyme inhibitors and ANG II AT 1 receptor blockers. However, even though beneficial outcomes have been obtained with these agents, micro-and macrovascular complications are still linked to a substantially elevated morbidity and mortality among diabetic patients (37) .
Activation of the renin-angiotensin system is associated with many more cardiovascular pathologies such as systemic hypertension, cardiac hypertrophy, atherosclerosis, and glomerulosclerosis (30) . Most of the actions of ANG II in endothelial cells are known to be associated with endothelial NOS (eNOS) dysfunction/uncoupling, which lead to decreased levels of NO and increased superoxide production (34) . Impairment of NOS function has important implications for vascular tone, inflammation, procoagulation factors, and unregulated growth of smooth muscle cells.
Elevated arginase activity has been also associated with systemic hypertension. Inhibition of arginase has been reported to decrease blood pressure and improve vascular function of resistance vessels in adult hypertensive rats (2, 13) . These findings thus suggest a central role for arginase in diseases in which vascular dysfunction is linked to elevated levels of angiotensin II (ANG II).
We and others have found that inflammatory cytokines, reactive oxygen species (ROS), thrombin, LPS, and activation of the RhoA/ROCK pathway can elevate arginase expression and activity (16, 26, 33, 48) . RhoA/ROCK has also been indicated as an upstream regulator of mitogen-activated protein kinase (MAPK) family members such as p38 MAPK (22) . p38 MAPK has been shown to have a central role in cardiovascular dysfunction (11, 44) and to increase arginase I expression in macrophages (7) .
Given the importance of endothelial arginase in causing eNOS dysfunction, and the link of arginase with vascular diseases associated with elevated levels of ANG II, we sought to define the signaling pathway by which ANG II enhances arginase activity/expression in endothelial cells and impairs vascular endothelial function.
MATERIALS AND METHODS
Cell culture and treatment. Bovine aortic endothelial cells (BAECs) (Cell Applications, San Diego, CA) were cultured in endothelial growth medium (Cell Applications) and maintained in a humidified atmosphere at 37°C and 5% CO 2. Before the start of the experiments, cells were adapted to grow in medium 199 (M199) supplemented with 50 M L-arginine (Invitrogen, Carlsbad, CA) to match the normal plasma L-arginine concentration, which ranges from 40 to 100 M (32). In addition, the medium was also supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine. When cells reached 80% confluency, they were then serum starved overnight in M199 supplemented with 50 M L-arginine, 1% L-glutamine, 1% penicillin/streptomycin, and 0.2% FBS. This medium was used under all experimental conditions and will be indicated as M199 for simplicity. Cells were then subjected to treatments with different inhibitors, as follows: arginase inhibitor, (S)- (2 boronoethyl Arginase activity. Arginase activity was measured using a colorimetric determination of urea production from L-arginine as described previously (10) . Cells were lysed or frozen mouse aortas were homogenized by pulverization with 1:4 wt/vol of Tris buffer (50 mM Tris·HCl, 0.1 mM EDTA and EGTA, pH 7.5) containing protease inhibitors (Sigma, St. Louis, MO). These mixtures were subjected to three freeze-thaw cycles and then were centrifuged for 10 min at 14,000 rpm. The supernatants of soluble proteins were used for arginase activity assay.
In brief, 25 l of supernatant was heated with MnCl2 (10 mM) for 10 min at 56°C to activate arginase. The mixture was then incubated with 50 l L-arginine (0.5 M, pH 9.7) for 1 h at 37°C to hydrolyze the L-arginine. The hydrolysis reaction was stopped with acid, and the mixture was then heated at 100°C with 25 l ␣-isonitrosopropiophenone (9% ␣-ISPF in EtOH) for 45 min. The samples were kept in the dark at room temperature for 10 min, and absorbance was then measured at 540 nm.
Nitric oxide measurement. To measure NO, nitrite (NO2), the stable breakdown product of NO in the cell-conditioned medium, was analyzed using NO-specific chemiluminescence. After cells were treated, medium was replaced with fresh M199 for 30 min, and medium aliquots were then collected for basal reading. Cells were then exposed to the calcium ionophore ionomycin (Sigma Aldrich) (1 M) for 30 min and medium samples were collected.
In brief, samples containing NO2 were injected in glacial acetic acid containing sodium iodide. NO2 is quantitatively reduced to NO under these conditions, which can be quantified by a chemiluminescence detector after reaction with ozone in a NO analyzer (Sievers, Boulder, CO). The amount of NO generated is calculated as the difference in basal and ionomycin-stimulated NO levels.
siRNA transfection. BAECs were transfected with siRNA targeting G␣12, G␣13, or G␣q subunits of the G protein-coupled receptor family (Ambion, Austin, TX) or p38 MAPK (Cell Signaling, Boston, MA) using siPORT Amine (Ambion), according to the manufacturer's instructions. Scrambled siRNA (nontargeting siRNA) served as control to validate the specificity of the siRNAs. In brief, cells were transfected with 50 nM targeting or nontargeting siRNA for 48 h. Specific mRNA depletion was analyzed by RT-PCR or Western blotting. To evaluate the effects of siRNA transfection on arginase activity, transfected cells were incubated with ANG II (0.1 M, 24 h) and arginase activity was determined as described earlier.
RT-PCR analysis of expression of mRNA transcripts for G␣12, G␣13, and G␣q. The presence of specific mRNA transcripts for the G␣12, G␣13, and G␣q in BAECs was evaluated by RT-PCR. The PCR primers obtained (Invitrogen) were as follows: 5=-TCGACAACATCCT-CAAGGGCTCAA-3=, 5=-ATACAGAATGCCTATGACCGGCGT-3=, and 5=-GGACAGGAGAGAGTGGCAAG-3= (forward primers); and 5=-AGTGCTTCTTGATGCTCACGGTCT-3=, 5=-TGCACCTTCTCCT-CAAGCAAGTCT-3=, and 5=-TGGGATCTTGAGTGTGTCCA-3= (reverse primers), respectively. Total RNA was prepared from BAECs (TRIzol; Invitrogen-Gibco). RT-PCR was performed with optimal conditions specific for individual primer pairs (41) .
Western blot analysis. Cells were lysed or frozen mouse aortas were pulverized in Ripa buffer (Upstate, Temecula, CA) containing protease and phosphatase inhibitors (Sigma). Cell lysates or aorta homogenates were centrifuged for 10 min at 14,000 rpm, and supernatants of soluble protein were collected for Western blot analysis. Protein estimation was carried out in supernatants using protein assay kit (Bio-Rad, Hercules, CA). Equal amounts of protein were loaded, separated by electrophoresis using 10% SDS-PAGE gels, and transferred into nitrocellulose membranes. The blots were blocked using 5% bovine serum albumin (Sigma), incubated with their respective primary antibodies [anti-arginase I (BD Biosciences, San Diego, CA), anti-arginase II (Santa Cruz Biotechnology, Santa Cruz, CA), antiRhoA (Abcam, Cambridge, MA), anti-phospho-p38 and total p38 MAPK (Cell Signaling), and anti-actin (Sigma)], followed by the respective secondary antibodies. Signals were detected using chemiluminescence. To quantify the resultant blots, individual band intensities were measured (arbitrary units) and ratios of protein to actin were calculated per sample using ImageJ software (National Institutes of Health, Bethesda, MD).
Measurement of active RhoA. RhoA activation was determined in confluent BAECs after exposure to ANG II (0.1 M) for different periods of time, using two different methods: 1) detection of active membrane-bound Rho after cell fractionation and 2) affinity precipitation assay of whole cell lysate incorporating the Rho binding domain (RBD) of rhotekin, which binds only the active GTP-Rho (Upstate). For membrane protein isolation (1), cells were incubated for different time points with ANG II (0.1 M) and then lysed in extraction buffer containing Tris·HCl (100 mM), EDTA (1 mM), EGTA (1 mM), and protease and phosphatase inhibitor cocktail (Sigma Aldrich). After centrifugation at 100,000 g for 20 min at 4°C, the cytosolic fraction was collected in the supernatant and the pellet was solubilized in 1% Triton X-100 extraction buffer to obtain the membrane fraction. Equal amounts of protein were loaded for Western blot analysis. For affinity precipitation assay (2), BAECs exposed to ANG II (24 h) were scraped in lysis buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 10 mM MgCl 2, 1 mM EDTA, 10% glycerol, containing protease and phosphatase inhibitor cocktail) at 4°C. Whole cell lysates were incubated with rhotekin-RBD-conjugated agarose beads for 45 min at 4°C and washed three times with lysis buffer. Agarose beads were boiled in 2ϫ Laemmli reducing sample buffer containing 50 mM dithiothreitol (DTT) to release active Rho. Samples were resolved on a 12.5% polyacrylamide gel followed by immunoblotting with RhoA antibody (Upstate Cell Signaling Solutions, Temecula, CA).
Animals and treatments. Protocols were approved by the Institutional Animal Care and Use Committee of the Medical College of Georgia. Experiments were performed with C57BL/6J wild-type (WT) mice and mice partially deficient in arginase I as well as completely deficient in arginase II (AI ϩ/Ϫ AII Ϫ/Ϫ ). Arginase I homozygous knockout mice (AI Ϫ/Ϫ ) do not survive beyond 2 wk and therefore were not used for this study. Blood pressure measurement. Tail-cuff systolic arterial pressure was determined by the noninvasive plethysmography tail-cuff at 0, 1, and 2 wk in all groups. The tail of each relaxed and acclimated mouse was inserted through the appropriate tail-cuff attached to the pressure monitoring system. A mouse underwent 10 preliminary cycles, for which data were not recorded. Another 10 measurement cycles were recorded. The mean of the last four recordings, among which there was not more than a 10-mmHg difference, was accepted as the mean systolic blood pressure (SBP).
Tissue harvest. After 2 wk of treatments, mice were deeply anesthetized with a mixture of ketamine and xylazine. Blood was collected with heparinized syringes by cardiac puncture for plasma separation and storage. Hearts were quickly excised for euthanasia, and aortas were immediately harvested for vascular function and assays.
Vascular function studies. After tissues were harvested, mouse aortas were placed immediately in ice-cold Krebs-Henseleit buffer, cleaned, and cut into 2-to 3-mm segments. Aortic rings were mounted in an oxygenated wire myograph chamber (Danish Myo Technology). Tissues were allowed to equilibrate at a resting tension of 5 mN for 1 h with buffer changes. Following phenylephrine (1 M) precontraction, relaxation curves were performed using progressive doses of the endothelium-independent vasorelaxant sodium nitroprusside (SNP) and the endothelium-dependent vasorelaxant acetylcholine (ACh). Changes in tension were measured by force transducer. A 1 h equilibration was performed between subsequent relaxation curves. Vasorelaxation responses were calculated as the percentage of phenylephrine-induced contraction.
Statistical analysis. Data are given as means Ϯ SE. Statistical analysis was performed by one-way analysis of variance with the Tukey post test. In some experiments, statistical differences were determined by Student's t-test. Experiments were performed three to five times. All statistical analysis was performed with GraphPad Prism version 4.03 (San Diego, CA). Results were considered significant when P Ͻ 0.05.
RESULTS

Effect of ANG II on arginase activity and expression and NO production in endothelial cells. Treatment of BAECs with
ANG II (0.1 M, 24 h) produced a 49% increase (P Ͻ 0.05) in arginase activity (Fig. 1A) , which was accompanied by a 25% decrease in NO production (P Ͻ 0.05) in response to the calcium-dependent eNOS agonist ionomycin (1 M) (Fig. 1B) . Both of these effects were prevented by pretreatment (2 h) with an arginase inhibitor, BEC (100 M).
ANG II also increased arginase I protein expression by 45% (P Ͻ 0.05) as shown by Western blot analysis (Fig. 1C) . Arginase II protein levels were not altered with exposure to ANG II (data not shown). These data suggest that arginase I is responsible for the increase in arginase activity and is involved in the reduced NO production.
Role of AT 1 G protein-coupled receptor and G␣12, G␣13, and G␣q subunits in ANG II-induced increase in arginase activity in endothelial cells. To identify the ANG II receptor involved in the elevation of arginase activity, BAECs were pretreated with blockers of either the AT 1 (telmisartan, 1 M) or the AT 2 (PD123319, 1 M) receptors for 2 h before the addition of ANG II (0.1 M, 24 h). Blockade of the AT 1 receptor, but not the AT 2 receptor, prevented the ANG IIinduced increase in arginase activity ( Fig. 2A) . Stimulation by ANG II is known to activate various heterotrimeric G proteins coupled to its AT 1 receptor, which in turn activate various signaling cascades. To determine the role of G␣12, G␣13, and G␣q in ANG II-induced upregulation of arginase, BAECs were transfected with G protein-specific silencing RNA. Knockdown efficiency of specified G proteins was ϳ80% as determined by real-time RT-PCR (Fig. 2B, inset) . Depletion of either G␣12 or G␣13 with specific siRNAs significantly attenuated the ANG II-induced elevation of arginase activity (Fig.  2B) , which confirms involvement of both G␣12 and G␣13 subunits. However, depletion of G␣q, via its siRNA, did not significantly affect the ANG II-induced elevation of arginase activity. The control siRNA with scrambled (sc) sequence failed to attenuate the ANG II-induced increase in arginase activity, thus demonstrating the sequence-specific depletion effect.
Role of RhoA/ROCK in ANG II-induced increase in arginase activity and decrease in NO production in endothelial cells. It has previously been shown that ANG II signals RhoA activation through AT 1 receptor-coupled G proteins in vascular smooth muscle cells (4) . Thus, we investigated whether ANG II induces activation of RhoA in our cell model and whether this pathway is associated with elevation of arginase activity in BAECs. Exposure of BAECs to ANG II caused a timedependent increase in translocation of the active RhoA protein which was evident by 10 min and peaked at 30 min (Fig. 3A) . In BAECs treated with ANG II for 24 h, there was also a 70% elevation of GTP-RhoA/total RhoA levels (P Ͻ 0.05) (Fig. 3B) .
We determined whether inhibition of either RhoA or ROCK prevents ANG II-induced elevation of arginase activity. Pretreatment of BAECs with the 3-hydroxy-3-methylglutarylCoA reductase inhibitor, simvastatin (0.1 M) that prevents the activation of RhoA, or with the ROCK inhibitor, Y-27632 (10 M) prevented elevation of arginase activity (Fig. 4A ) and protein expression of arginase I (Fig. 4B) . Another more selective ROCK inhibitor, H1152 (0.5 M) also prevented ANG II induced activation of arginase (Fig. 4A) .
As stated before, exposure of BAECs to ANG II for 24 h diminishes NO in response to the calcium-dependent eNOS (Fig. 4C) .
Involvement of RhoA/ROCK pathway in ANG II-induced activation of p38 MAPK in endothelial cells.
We next examined the potential role of p38 MAPK as a downstream target of the ANG II/RhoA/ROCK pathway. Western blot determination of phospho-p38 MAPK and total p38 MAPK in whole BAEC lysates showed a time-dependent increase in phosphorylation which did not become evident until 15 min of exposure to ANG II (Fig. 5A) . Pretreatment with the ROCK inhibitor (Y-27632, 10 M) prevented this effect (Fig. 5B) , indicating that the RhoA/ROCK pathway is upstream to p38 MAPK and regulates its phosphorylation.
Role of p38 MAPK signaling in arginase activity/expression in endothelial cells. Pretreatment of BAECs with the p38 MAPK inhibitor SB-202190 (2 M) prevented ANG II-induced elevation of arginase activity (Fig. 6A) and expression (Fig. 6B) . Anisomycin, an antibiotic that is a known activator of p38 MAPK (45), was also tested. Exposure of cells to anisomycin (0.1 M, 24 h) caused an increase in arginase activity of 45% that was blocked by SB-202190 pretreatment (Fig. 6C) .
To further confirm the specific role of p38 MAPK in the ANG II-induced increase in arginase activity, we transfected BAECs with siRNA for p38 MAPK (50 nM). This treatment markedly reduced p38 MAPK protein levels (Fig. 7A) and completely blocked the ANG II-induced increase in arginase activity, indicating that p38 MAPK is integrally involved in elevation of arginase activity (Fig. 7B) . Scrambled siRNA transfection did not alter the increase in arginase activity in response to ANG II.
Role of p38 MAPK signaling in NO production in endothelial cells. To examine the impact of the ANG II/p38 MAPK/ arginase pathway on NO production, we pretreated BAECs with the p38 MAPK inhibitor SB-202190 (2 M) and deter- mined the effects of ANG II on NO production in response to the calcium-dependent eNOS activator, ionomycin (1 M). The study showed that blocking p38 MAPK activation largely prevented the ANG II-induced decrease in NO formation (Fig. 8A) . Additionally, transfection of BAECs with siRNA to p38 MAPK, but not control scrambled siRNA, prevented the reduction in NO production in response to ionomycin in the ANG II-treated cells (Fig. 8B) . In contrast, activation of p38 MAPK with anisomycin (0.1 M, 24 h) caused a decrease (21%) in NO production (Fig. 8C) .
Effect of ANG II infusion and treatments on SBP. Tail-cuff SBP was elevated by ANG II infusion in mice after both 7 and 14 days when compared with saline-infused mice (132.7 Ϯ 2.2 and 140.9 Ϯ 3.0 mmHg vs. 108.3 Ϯ 4.8 and 105.6 Ϯ 3.1 mmHg, respectively) ( Table 1) . SBP levels were significantly blunted at both 7 and 14 days in ANG II-infused mice by treatment with the arginase inhibitor ABH (113.5 Ϯ 3.3 and 117.7 Ϯ 4.9 mmHg) or the p38 inhibitor SB-203580 (122.7 Ϯ 3.4 and 121.6 Ϯ 2.0 mmHg). The p38 inhibitor had no effect on SBP in control mice after 7 or 14 days of treatment (101.6 Ϯ 2.5 and 106 Ϯ 5.5 mmHg). Elevated SBP observed in mice after ANG II infusion was completely prevented by treatment with hydralazine at both 7 (98.7 Ϯ 4.5 mmHg) and 14 (101.7 Ϯ 3.3 mmHg) days. There was no difference in SBP among the groups before minipump implantation, with an average of 101.3 Ϯ 4.8 mmHg.
In AI ϩ/Ϫ AII Ϫ/Ϫ knockout mice, SBP at 7 and 14 days of saline infusion was 110.2 Ϯ 4.5 and 110.7 Ϯ 2.9 mmHg, respectively. Infusion of ANG II caused a modest elevation of SBP after both 7 (118.3 Ϯ 5.7 mmHg) and 14 (122.2 Ϯ 3.9 mmHg) days compared with WT mice (Table 1) . Before minipump implantation, both saline-and ANG II-infused groups showed no difference in SBP with an average of 109 Ϯ 3.6 mmHg, which was similar to WT mice.
Effect of arginase inhibition or its genetic deletion on vascular endothelial dysfunction.
To determine the role of arginase in ANG II-induced endothelial dysfunction in vivo, we performed studies using aortas isolated from ANG IIinfused or saline-infused WT mice with or without treatment ). We examined vasorelaxation responses to the endothelium-dependent vasodilator ACh and the endothelium-independent vasodilator SNP.
ANG II induced an impairment of vasorelaxation response to ACh in WT mice (maximum relaxation of 53.9 Ϯ 5.7% vs. 81.8 Ϯ 1.7% in control mice) (Fig. 9A) . ABH partially prevented ANG II-induced impaired vasorelaxation with a maximum relaxation of 69.4 Ϯ 5.3%. Moreover, a maximum relaxation of 71.1 Ϯ 5.9% was observed in the AI ϩ/Ϫ AII Ϫ/Ϫ knockout group treated with ANG II (Fig. 9B) (Fig. 10A) . However, treatment with the arginase inhibitor ABH in ANG II-infused WT mice resulted in arginase activity levels similar to control group (243 Ϯ 47 pmol urea·mg protein Ϫ1 ·h
Ϫ1
). Furthermore, treatment of ANG II-infused mice with the antihypertensive vasodilator hydralazine normalized systemic blood pressure (Table 1) but did not affect aortic arginase activity (1,133 Ϯ 87 pmol urea·mg protein Ϫ1 ·h Ϫ1 ), suggesting that the protective action of the ABH treatment is not secondary to an effect on SBP.
In addition, ANG II infusion in AI ϩ/Ϫ AII Ϫ/Ϫ mice failed to elevate aortic arginase activity when compared with ANG IIinfused WT mice (Fig. 10B) . Arginase activity in AI
control mice was ϳ50% of that in the WT controls. These results correlate with elevated arginase I expression in ANG II-infused WT mice (6.5-fold over control WT) which was not observed in AI ϩ/Ϫ AII Ϫ/Ϫ knockout mice infused with ANG II or saline (Fig. 10C) .
Effect of p38 inhibition on ANG II-induced vascular endothelial dysfunction.
The impaired endothelium-dependent relaxation induced by ANG II infusion in WT mice (maximum relaxation 53.9 Ϯ 5.7% vs. 81.8 Ϯ 1.7% for control mice) was prevented by treatment with SB-203580 (maximum relaxation 76.9 Ϯ 8.3%) (Fig. 11A) . Treatment with SB-203580 in control WT mice had no significant effect on endothelium-dependent vasorelaxation responses compared with untreated controls. Aortic responses to the endothelium-independent vasodilator SNP were not significantly different among the groups (Fig.  11B) .
Effect of ANG II and SB-203580 on aortic arginase activity/expression and p38 MAPK phosphorylation. Aortas from WT mice infused with ANG II had elevated arginase activity (5.6-fold) (Fig. 12A) and phosphorylation of p38 MAPK (2-fold) (Fig.  12B ) compared with control mice. These effects were pre- Wild-type mice Control (saline infusion) (8) 108.3 Ϯ 4.8 105.6 Ϯ 3.1 ANG II (12) 132.7 Ϯ 2.2* 140.9 Ϯ 3.0* † ANG II ϩ SB203580 (12) 122.7 Ϯ 3.4* ‡ 121.6 Ϯ 2.0* ‡ SB-203580 (8) 101.6 Ϯ 2.5 106.8 Ϯ 5.5 ANG II ϩ hydralazine (6) 98.7 Ϯ 4.5 101.7 Ϯ 3.3 ANG II ϩ ABH (6) 113.5 Ϯ 3.3* ‡ 117.7 Ϯ 4.9* ‡
Control (saline infusion) (6) 110.2 Ϯ 4.5 110.7 Ϯ 2.9 ANG II (6) 118.3 Ϯ 5.7* 122.2 Ϯ 3.9* † Values are means Ϯ SE; n , no. of animals tested (in parentheses). Systolic blood pressure was measured in wild-type mice after 7 and 14 days of ANG II infusion with or without treatments and in AI ϩ/Ϫ AII Ϫ/Ϫ -knockout mice after 7 and 14 days of ANG II infusion. *P Ͻ 0.05 vs. respective control group; †P Ͻ 0.05 vs. ANG II after 7 days; ‡P Ͻ 0.05 vs. respective ANG II group. vented by treatment with a selective p38 MAPK inhibitor, SB-203580. Furthermore, expression of arginase I (Fig. 12C) and II (Fig. 12D ) was increased in aortas of ANG II-infused mice by 6.5-and 3.4-fold, respectively, over control. ANG II-treated mice receiving SB-203580 had no significant elevation of arginase I or II expression when compared with control mice.
DISCUSSION
Our study demonstrates for the first time that elevation of arginase expression and activity significantly contributes to ANG II-induced endothelial dysfunction both in cells and in a mouse model. Exposure of cultured endothelial cells to ANG II reduces NO production in response to a calcium ionophore. This suppression can be prevented by pretreatment with the arginase inhibitor BEC, indicating a role of elevated arginase activity in this effect. The ANG II-induced alterations in arginase activity/expression and NO formation are blocked by pretreatment of the cells with inhibitors of RhoA/ROCK or p38 MAPK, indicating the involvement of these signaling mediators in the pathological process. These data confirm previous reports by us and others on the role of arginase in restricting NO production (3, 33) .
There is growing evidence and recognition that arginase is a key participant in vascular disease and a prime target for therapeutic interventions. Elevated arginase activity and/or expression is involved in vascular endothelial dysfunction in a number of disease states, such as hypertension, diabetes, atherosclerosis, ischemia-reperfusion injury, and inflammation (13, 14, 33, 47, 48) . Despite an array of pathologic conditions associated with elevated arginase function, organs such as the liver require arginase for physiologic function. Complete knockout of the arginase I gene in mice is lethal by 2 wk of age because of hyperammonemia via disruption of the hepatic urea cycle (17) . Blockade of such essential functions could limit the clinical usefulness of arginase inhibitors to control endothelial arginase activity. However, identifying signaling pathways that lead to enhanced arginase activity in endothelial cells can provide more specific targets to control/limit arginase activity in pathologic conditions, without disrupting upstream pathways essential for normal organ functions.
Arginase has been linked to hypertensive models (2, 8, 13 ) associated with elevated levels of ANG II. ANG II is an important biologically active component of the renin-angiotensin system and acts through two receptor subtypes, the AT 1 and AT 2 receptors (9). Most of the pathophysiological effects of ANG II, including endothelial dysfunction and processes leading to atherothrombosis, are mediated by the AT 1 receptor subtype (15, 38) . Given the importance of these pathological processes, we sought to define the signaling pathway by which ANG II enhances arginase activity/expression in endothelial cells and in vascular tissue of ANG II hypertensive mice.
We have found that ANG II induces eNOS dysfunction by elevating arginase activity in endothelial cells through the AT 1 receptor, since AT 1 receptor blocker telmisartan, but not the AT 2 blocker PD123319, prevents ANG II-induced elevation of arginase activity. AT 1 is predominantly expressed in cardiovascular tissues and kidney and is a member of the seven transmembrane-spanning G protein-coupled receptor family (30) , from which many signaling cascades begin. G␣q is an important signaling molecule of ANG II in smooth muscle cells (18) . However, AT 1 receptors are also reported to couple to the G␣12/13 family of G proteins (21) . We examined the role of these G proteins in ANG II-induced arginase activation in endothelial cells. Our results indicate major involvement of the heterotrimeric G␣ protein subunits G12 and 13 but not Gq, since siRNA knockdown of G␣12 or 13 fully prevented the ANG II-induced increase in arginase activity while G␣q knockdown did not. These results indicate that both G␣12 and 13 subunits are required for the cascade of events leading to enhanced arginase activity.
The G␣12/13 family has been strongly linked to activation of the RhoA pathway in other cell types (25) . We and others have previously shown the involvement of the small GTPase RhoA and its target Rho kinase (ROCK) in elevation of arginase activity caused by high glucose (33) , thrombin (26) , or cytokines (16) . Angiotensin II is known to activate NADPH oxidase and enhance ROS production (5) . ROS has also been reported to activate RhoA/ROCK and arginase and to uncouple NOS (6, 39) .
Our present data demonstrate the involvement of RhoA/ ROCK pathway in ANG II-induced elevation of arginase activity and expression in endothelial cells. ANG II treatment activates RhoA in a time-dependent manner. Furthermore, we have found that blocking the RhoA/ROCK pathway by either simvastatin, a blocker of RhoA activation, or by Y-27632, an inhibitor of ROCK, prevented the increased arginase activity and expression, and decreased NO production resulting from exposure to ANG II. In addition, a more selective inhibitor of ROCK, H1152, prevented the increase in arginase activity and the decrease in NO production. These results provide another mechanism by which RhoA/ROCK affects NO production, because RhoA/ROCK has previously been shown to suppress eNOS expression and function (36) .
RhoA also has been reported to be an upstream regulator of mitogen-activated protein kinase (MAPK) family members, such as p38 MAPK (22, 31) . In this regard, ANG II and ROS are reported to increase MAPK activation, specifically p38 MAPK, in endothelial cells (11) . Our findings agree with these results since we show that exposure to ANG II causes a time-dependent increase in p38 activation that is blocked by pretreatment with ROCK inhibitor. Thus, our data strongly suggest that p38 MAPK activation is downstream from RhoA/ ROCK signaling in endothelial cells treated with ANG II. Activated p38 MAPK is reported to be associated with increased arginase activity and expression in macrophages (7) . Furthermore, in rat aortic endothelial cells, p38 MAPK inhibition has been reported to prevent thrombin-induced arginase I upregulation (49) . Our present results indicate the involvement of p38 MAPK in increased arginase activity and expression in endothelial cells exposed to ANG II. Pretreatment of endothelial cells with a p38 inhibitor, SB-202190, prevented ANG II-induced elevation of arginase activity/expression and reduced NO production. To further examine upstream involvement of p38 MAPK in arginase upregulation, we treated the cells with anisomycin, an antibiotic that is a known stimulator of p38 MAPK (45) , and found that it caused an increase in arginase activity and a decrease in NO production. Additionally, inhibition of p38 MAPK protein synthesis with siRNA also prevented ANG II-induced increase in arginase activity. Collectively, these results show an important role of p38 MAPK in arginase activation and upregulation by ANG II and the role it has on NO production.
p38 MAPK is considered a potential therapeutic target in several animal models (1, 42) and human diseases (20, 24) . Additionally, p38 MAPK inhibition has been shown to ameliorate ANG II-induced target organ damage (29) . Also, inhibition of p38 MAPK is reported to correct nitrergic neurovascular dysfunction in corpus cavernosum of diabetic mice (28) , and the arginase-induced corpus cavernosum dysfunction that we recently observed in ANG II-treated mice (40) .
Our experiments in mice have also indicated that inhibition of arginase and p38 MAPK can prevent ANG II-induced vascular dysfunction. Our data indicated that ANG II infusion in mice causes an elevation in aortic arginase activity and expression and an increase in p38 MAPK phosphorylation. These effects were associated with impairment of vascular endothelium function and an increase in systolic blood pressure. Treating the ANG II-infused mice with inhibitors of either p38 MAPK or arginase prevented vascular dysfunction and partially attenuated the increase in blood pressure. Mice infused with ANG II exhibited greater protein levels of both arginase I (6.5-fold) and II (3.4-fold), rather than elevation of only arginase I in BAECs exposed to ANG II. The difference may be related to species and/or tissue. Further study is needed to understand involvement of the isozymes.
Involvement of arginases is also evident from our findings in AI ϩ/Ϫ AII Ϫ/Ϫ mice, which were protected from the vascular dysfunction and increase in blood pressure caused by ANG II. Our findings support a possible role of arginase activation in endothelial dysfunction as reported by us and others. Elevated arginase activity has been also associated with systemic hypertension. Inhibition of arginase has been reported to decrease blood pressure and improve vascular function of resistance vessels in adult hypertensive rats (2, 13) . Together with previous studies, our findings thus suggest a central role for arginase in diseases in which vascular dysfunction and hypertension are linked to elevated levels of ANG II. In this study we showed that hydralazine treatment prevented the elevation of blood pressure induced by ANG II without having an effect on arginase activity. This indicates that lowering of blood pressure with p38 MAPK or arginase inhibitors is due to decreasing arginase activity and correcting vascular endothelial dysfunction.
Our results indicate that Rho kinase-mediated p38 MAPK activation is a critical step in the elevation of arginase activity and protein expression in endothelial cells and that p38 activation by ANG II is an important signaling component to enhanced arginase in mouse aorta. Thus, targeting p38 MAPK might be a therapeutic point for preventing vascular endothelial dysfunction associated with elevated arginase activity. However, it must be noted that p38 MAPK has been reported to reduce ANG II-mediated vascular smooth muscle cell hyperplasia by negatively regulating ANG II-induced ERK1/2 activity and DNA synthesis in human coronary artery smooth muscle cells (19) . Thus, the long-term use of p38 inhibition for treatment of cardiovascular disease is in question. Therefore, further evaluation of events downstream of p38 activation leading to arginase upregulation in endothelial and other cell types is needed, including investigation of these downstream events as suitable targets to prevent endothelial arginase upregulation and counteract arginase-induced endothelial dysfunction in arginase-associated vascular diseases.
